Baicalin, a flavonoid compound isolated from Scutellaria baicalensis, has been shown to possess antiinflammatory, antiviral, antitumour, and immune regulatory properties. The present study evaluated the potential herb-drug interaction between baicalin and midazolam in rats. Coadministration of a single dose of baicalin (0.225, 0.45, and 0.90 g/kg, i.v.) with midazolam (10 mg/kg, i.v.) in rats resulted in a dose-dependent decrease in clearance (CL) from 25% ( < 0.05) to 34% ( < 0.001) with an increase in AUC 0−∞ from 47% ( < 0.05) to 53% ( < 0.01). Pretreatment of baicalin (0.90 g/kg, i.v., once daily for 7 days) also reduced midazolam CL by 43% ( < 0.001), with an increase in AUC 0−∞ by 87% ( < 0.01). Multiple doses of baicalin decreased the expression of hepatic CYP3A2 by approximately 58% ( < 0.01) and reduced midazolam 1 -hydroxylation by 23% ( < 0.001) and 4 -hydroxylation by 21% ( < 0.01) in the liver. In addition, baicalin competitively inhibited midazolam metabolism in rat liver microsomes in a concentration-dependent manner. Our data demonstrated that baicalin induced changes in the pharmacokinetics of midazolam in rats, which might be due to its inhibition of the hydroxylation activity and expression of CYP3A in the liver.
Introduction
Baicalin (5, 6-Dihydroxy-flavone-7-O-glucuronide, (Figure 1) ) is the major bioactive constituent of Radix scutellariae (Huang-Qin in Chinese), which is widely used in eastern and western medicine [1, 2] . As a monomer, baicalin is also commonly used to treat hepatitis patients in China in combination with other drugs. Baicalin has been reported to possess a multitude of pharmacological activities, including antioxidant [3] , antiproliferative [4] , antiviral [5] , antiinflammatory [6] , and liver protective [7, 8] properties. Baicalin is the main bioactive constituent of approximately 100 types of Chinese medicine and is used as phytochemical marker for their quality control in Chinese pharmacopoeia [2, 9] .
Drug-drug interactions (DDIs) are thought to be an important factor in severe adverse drug reactions. The inhibition of the drug-metabolising enzyme cytochrome P450 (CYP) is known to participate in this type of interaction. The CYP3A subfamily is by far the most abundant of all the human CYP isoforms [10] and catalyses the metabolism of nearly 60% of clinical drugs [11] . Therefore, DDIs involving the inhibition of CYP3A are generally considered to be undesirable as they may manifest as unwanted side effects for drugs with a narrow therapeutic window [12, 13] . Furthermore, recent studies [14, 15] revealed that not only chemical drugs but also natural products such as herbs may inhibit CYP3A activity. The widespread use of baicalin as alternative or complementary medicine has led to increasing concerns with respect to potential herb-drug interactions through its effects on enzymatic pathways.
Recent studies showed that baicalin [16] and other main bioactive constituents of Radix scutellariae [15] such as baicalein [17, 18] and wogonin [17] have significant inhibitory effects on the metabolism of clinical drugs. Lai et al. [16] reported that oral administration of baicalin significantly increased area under the plasma concentration-time curve (AUC) of cyclosporine in rats. Baicalein significantly enhanced the oral bioavailability of nimodipine [18] . Treatment with baicalein and wogonin resulted in the decreases in the activity and expression of CYP3A in mice [17] . Although reports have demonstrated that baicalin could inhibit the activity of CYP3A, the mechanisms underlying these interactions between CYP3A and baicalin are not well characterised.
Midazolam (MDZ) is a short-acting benzodiazepine used clinically for conscious sedation. MDZ is metabolised to 1 -hydroxymidazolam and 4-hydroxymidazolam by CYP3A4 and CYP3A5 in humans [19] [20] [21] and by CYP3A1 and CYP3A2 in rats [22, 23] . Importantly, CYP3A2 plays the primary role in MDZ metabolism in rats [22, 24] . MDZ is recommended by the FDA as a probe used to determine CYP3A4/5 activity in vitro and in vivo studies, and it is the most commonly used probe of CYP3A activity in rats and humans [25] [26] [27] [28] . In this study, the effects of baicalin on the pharmacokinetics of MDZ were evaluated in rats treated with single and multiple doses of baicalin. To expand on the in vivo results, the effects of baicalin on the activity and expression of CYP3A in the rat liver were examined in vitro and ex vivo. 
Materials and Methods

Drugs and
Animals.
Male Sprague-Dawley rats (250-300 g) were obtained from the Laboratory Animal Centre of Henan Province (Henan, China) and maintained in a temperaturecontrolled environment with a 12 h light-dark cycle. Animals had free access to standard laboratory food and tap water. All experiments were performed after approval of the Zhengzhou University Ethics Committee for Animal Care and Use.
Effects of Baicalin on the Pharmacokinetics of MDZ in
Rats. The effects of baicalin on the pharmacokinetics of MDZ (10 mg/kg, i.v.) were studied at three different doses (0.225, 0.45, and 0.90 g/kg, i.v.). The solution for injection was prepared by dissolving 250 mg BG in 50 mL of Na 2 HPO 4 (0.2 M) and adjusting to pH7.4 with citric acid (0.1 M).
In the first study, 9 rats were randomly divided into 3 groups ( = 3, each), and the order of the baicalin doses followed a Latin-Square design (saline, 0.225 g/kg, 0.45 g/kg) with a 3 day wash-out period between treatments. MDZ was administered immediately following the injection of baicalin or saline via tail vein. On each of the three occasions, blood samples (500 L) were collected before baicalin administration and at 0, 0.083, 0.17, 0.33, 0.67, 1, 1.5, and 2 h after MDZ administration by orbital bleeding via heparinised capillary tubes. The samples were centrifuged at 4,500 ×g for 10 min at 4 ∘ C, and separated plasma was frozen at −80 ∘ C prior to analysis.
In another experiment, 16 rats were randomly divided into saline group and baicalin group ( = 8, each). First, the inhibition of a single dose (0.90 g/kg, i.v.) of baicalin on MDZ pharmacokinetics was studied in a randomised crossover study in the baicalin group. After the single-dose study, the same rats were included in a multiple doses of investigation and were treated with baicalin (0.90 g/kg, i.v.) once daily for 7 days. On day 8, MDZ was given to the rats after the last dose of baicalin. The procedures for MDZ administration and sampling were consistent with those described previously. All 16 rats from both groups were sacrificed by cervical dislocation 24 h after the last dose of baicalin, and the liver was excised. Liver microsomes were prepared by calcium aggregation as described previously [29] .
Briefly, to obtain the postmitochondrial supernatant, liver tissue homogenate was centrifuged at 4 ∘ C (12,500 g, 20 min). The addition of CaCl 2 (8.8 mM final concentration) to the supernatant allowed the complete sedimentation of the microsomes at 4 ∘ C (25,000 g, 20 min). The pellet was washed by resuspending in an excess volume of homogenisation solution and then was resedimented at 25,000 g for 20 min. The resultant pinkish opalescent microsomal pellet was suspended in 0.25 M sucrose phosphate buffer and stored at −80 ∘ C for subsequent enzyme activity assays.
Determination of Plasma MDZ Concentration.
The HPLC method used for the analysis of MDZ was modified from Jurica et al. [30] . In brief, 10 L of diazepam (0.09 mg/mL) was used as the internal standard, and 90 L NaOH solution (0.1 M) and 3 mL ether were added to 100 L of the plasma sample. The mixture was vortexed for 3 min and centrifuged at 3000 rpm for 10 min. Two and a half millilitres of the organic phase was transferred into a clean glass tube and dried under nitrogen at 45 ∘ C. The residue was reconstituted with 100 L of mobile phase, and 40 L was injected onto the HPLC system (Aligent 1100 Series) with a UV detector set at 220 nm for the analysis. The C18 column (4.6 mm × 250 mm; Dikima Technologies) was set at 25 ∘ C. The flow rate was 1.0 mL/min, and the mobile phase consisted of 100 mM ammonium acetate aqueous solution (pH 4.0), acetonitrile, and methanol in a ratio of 34 : 13 : 53 (v/v/v). The method was linear over 0.25-8.14 mg/L.
Determination of Plasma Baicalin Concentration.
The plasma concentration of baicalin was measured by HPLC with UV detection at 278 nm, as described previously [31] Evidence-Based Complementary and Alternative Medicine 3 with minor modifications. Each plasma sample (25 L) was added to 100 L of methanol. After vortexing for 60 s and centrifugation for 10 min at 4 ∘ C (15,000 g), the supernatant (5 L) was injected into a Diamonsil C18 column (4.6 mm × 200 mm; Dikma Technologies) for analysis. The mobile phase consisted of 10 mM potassium phosphate buffer (pH 5.0): methanol (47 : 53), and the flow rate was 1.0 mL/min. The method was linear over 5.86-3000 mg/L.
Effects of Multiple Doses of Baicalin on the Activity and
Expression of CYP3A in the Liver. Rat liver microsomes (RLMs) prepared 24 h after the last dose of one week of baicalin or saline treatments were used in the ex vivo study to determine MDZ hydroxylation activity and CYP3A expression. 
Measurement of CYP3A2
Expression. CYP3A2 plays a key role in the appearance of 1 -hydroxymidazolam and 4-hydroxymidazolam [22, 24] , and western blotting analysis was carried out to investigate the effect of multiple doses of baicalin on its expression. Rat hepatic microsome proteins (12 g) were resolved on an 8% or 12% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane (Millipore, USA). Anti-CYP3A2 antibody (1 : 10000, Abcam Ltd., Hong Kong) and anti-GAPDH antibody (1 : 500, CWBIO, Beijing, China) were incubated overnight at 4 ∘ C, and then horseradish peroxidase-conjugated secondary antibody (1 : 5000, Beijing Biosynthesis Biotechnology Co., Ltd., China) was incubated for 1 h at room temperature. Chemiluminescence was detected with enhanced chemiluminescence substrate (Beyotime Institute of Biotechnology, China) on Xray films. The band was then scanned, and the intensity was quantified using the Image J software (NIH).
Determination of of Baicalin against MDZ Metabolism in RLMs.
RLMs were prepared from 10 untreated male Sprague-Dawley rats. MDZ was incubated at concentrations equivalent to 0.5 × , , and 2 × , with a range of baicalin concentrations (0, 20, 40, 80, 160, and 320 M). Incubations were performed as described for the MDZ hydroxylation activity study.
Data Analysis.
Michaelis-Menten enzyme kinetics data were fit by nonlinear regression analysis using GraphPad Prism 5 (GraphPad Software Inc., CA, USA). The mechanism of inhibition was determined by visual inspection of the data using Dixon (1/v versus [I]) and Lineweaver-Burke (1/v versus 1/[S]) plots. The was obtained using the secondary Lineweaver-Burk plot.
The plasma concentration versus time data were assessed via noncompartmental analysis using the DAS 2.0 package (version 2.0 pharmacokinetic software; Chinese Pharmacological Assn., Beijing, China). The area under the plasma concentration-time curve (AUC) was calculated according to the trapezoidal rule. The peak plasma concentrations ( max ) were obtained from the actual data. Clearance (CL) is defined as the total clearance calculated by CL = /AUC as the volume of plasma from which the drug is totally removed in unit time by all elimination processes in the body. The max , AUC, and CL data were analysed by the paired -test. The results are expressed as the mean ± SD. A value of < 0.05 was considered to be statistically significant. All statistical analyses were performed with SPSS 17.0 for Windows.
Results
The Pharmacokinetic Changes of MDZ Induced by
Baicalin in Rats (Table 1) .
Single Dose of Baicalin.
The mean MDZ plasma concentration-time profiles after administration of MDZ (10 mg/kg, i.v.) with baicalin (0.225, 0.45, and 0.90 g/kg, i.v.) are illustrated in Figure 3 . The pharmacokinetic parameters of MDZ in the baicalin-treated groups are shown in Tables 2  and 3 . The results indicated that baicalin treatment increased the AUC 0-∞ in a dose-dependent manner, by 47% ( < 0.05), 47% ( < 0.01), and 53% ( < 0.01), in the low-, median-, and high-dose groups, respectively, with corresponding decreases in CL by 25% ( < 0.05), 28% ( < 0.01), and 34% ( < 0.001), respectively. In contrast, the values of other parameters such as the volume of distribution (V) were not significantly altered after baicalin treatment. A dose-effect relationship did not exist (Figure 4) .
Pretreatment with Multiple Doses of Baicalin.
The plasma concentration-time profiles of MDZ after baicalin treatment (0.90 g/kg, once daily for 7 days, i.v.) are shown in Figure 3(b) . The plasma MDZ concentrations increased when it was coadministered with baicalin. The max , AUC 0-, and AUC 0-∞ values in rats those received multiple doses of The results are means ± SD of 8-9 rats. Ratios are expressed as geometric mean ratio with 90% CI. Significance is indicated as * < 0.05; * * P < 0.01 compared to the control. Rats received intravenous administration of baicalin at a dose of 0.90 g/kg once for 1 day and the same dose for 7 days. The results are means ± SD of 8 rats.
Ratios are expressed as geometric mean ratio with 90% CI. Significance is indicated as * P < 0.05; * * P < 0.01; * * * P < 0.001 compared to the control.
baicalin increased by 27% ( < 0.05), 86% ( < 0.01), and 87% ( < 0.01), respectively (Table 2) . Meanwhile, multiple doses of baicalin also decreased the CL and V values by 43% ( < 0.001) and 40% ( < 0.01), respectively. Compared with a single dose of baicalin (0.90 g/kg, i.v.), the max , AUC 0-AUC 0-∞ , and CL values did not significantly change in the group that received multiple doses of baicalin (Table 2, Figure 4 ).
Individual Variability in MDZ Pharmacokinetic
Changes. The variation of the baicalin inhibition between individuals is shown in Figure 5 . The increase in the AUC 0-∞ of MDZ by low-, median-, and high doses of baicalin ranged from 5% to 173%, 0 to 133%, and 19% to 101%, respectively (Figures 5(a) and 5(c) ). The increase in the AUC 0-∞ of the group that received multiple doses of baicalin ranged from 21% to 151% for MDZ ( Figure 5(c) ). Corresponding CL changes were also observed ( Figures 5(b) and 5(d) ). The data showed that the differences in the extent of the increase in the AUC 0-∞ of MDZ were over 173-fold in rats and indicated large interindividual variability in MDZ-baicalin interactions.
Relationship between Pharmacokinetics of Baicalin and
MDZ. There were no significant concentration-effect relationships between changes in the MDZ pharmacokinetic parameters and the pharmacokinetics of baicalin (data not shown). Table 4 . Multiple doses of baicalin resulted in a decrease in CL int by 23% ( < 0.001) and 21% ( < 0.01) for 1 -hydroxymidazolam and 4-hydroxymidazolam, respectively, with a corresponding decrease in max by 26% ( < 0.01) and 28% ( < 0.01), respectively. The data suggested that multiple doses of baicalin inhibited the activity of CYP3A in RLMs.
Inhibitory Effects of Baicalin on the Activity and Expres
The effect of multiple doses of baicalin on the expression of CYP3A2 was measured by western blotting. The CYP3A2 antibodies specifically recognised a protein band of 58 kDa. Figure 6 showed that the intensity of the CYP3A2 expression in baicalin-treated rats was 42% of that observed in control rats ( < 0.01). The results indicated that multiple doses of baicalin inhibited the expression of CYP3A2 in rat liver.
Inhibitory Effects of Baicalin on MDZ-Hydroxylation Activity in RLMs.
Interestingly, the inhibition of baicalin on the appearance of 1 -hydroxymidazolam in RLMs was minimal, and the could not be calculated based on the results of the inhibitory study. On the other hand, baicalin obviously inhibited the appearance of 4-hydroxymidazolam. Thus, the disappearance of MDZ was used as the index of the inhibitory effect of baicalin on MDZ hydroxylation activity. The Lineweaver-Burk plots for the disappearance of MDZ in RLMs are shown in Figure 7 . The Lineweaver-Burk plots (Figure 7(a) ) exhibit a series of lines converging on the -axis (the inverse of the substrate (MDZ) concentration), suggesting competitive inhibition of MDZ metabolism by baicalin in RLMs. The value was calculated from the second Rats received intravenous administration of baicalin at a dose of 0.90 g/kg once daily for 7 days. The results are means ± SD of 8 rats. Significance is indicated as * * P < 0.01, * * * P < 0.001 compared to the control. (b) Statistical analysis of western blotting results. CYP3A2 expression was measured using specific anti-rat CYP3A2 antibodies. GAPDH was used as the control for the normalisation of CYP3A2 density. Bars represent the mean ± SD of the fold change relative to the values in the control group ( = 8). Statistical significance is indicated as * * < 0.01, compared to control. 
Discussion
Clinical and experimental evidence of DDIs has suggested that changes in the pharmacokinetic and pharmacodynamic properties of administered drugs can potentially enhance toxicity and/or attenuate drug efficacy [32] . This is especially important for subjects suffering from chronic infections, such as hepatitis patients, who are dependent on long-term antiretroviral treatment. Baicalin has been used as a phytochemical marker for quality control of Radix scutellariae and many other traditional Chinese medicines in Chinese pharmacopoeia [2, 9] . A combined therapy composed of monomeric baicalin and antiretrovirals such as adefovir dipivoxil is also used to treat hepatitis B patients in China. MDZ is used clinically for conscious sedation and commonly employed in preanesthesia. Baicalin is widely included in clinical trials which used to treat many kinds of diseases. Therefore, herb-drug interactions between baicalin and MDZ would appear in therapy. In this study, the interaction between baicalin and MDZ was investigated using a selfcontrol rat model to avoid interindividual variability.
After the intravenous coadministration of MDZ and a single dose of baicalin (0.225, 0.45, and 0.90 g/kg), the AUC of MDZ was greater than that found in rats who did not receive baicalin, possibly due to the slower CL of MDZ (Tables 1 and 2 ). The slower CL of MDZ in rats was at least partly supported by the slower hepatic CL int for the CYP3A-mediated disappearance of MDZ after treatment with baicalin in vitro. After the intravenous administration of both drugs, the max of baicalin in the plasma was 879, 1629, and 3070 mg/L in low-, median-, and high dose baicalin-treated rats, respectively. The max values of baicalin were far higher than the (47 mg/L), so the concentration of baicalin in rats was high enough to inhibit MDZ metabolism. MDZ is metabolised principally by CYP3A4 and CYP3A5 into two primary hydroxylated metabolites (1 -hydroxymidazolam and 4-hydroxymidazolam) [19, 20] . MDZ was also reported to be biotransformed into the same metabolites via CYP3A1 and 3A2 in rats [22, 23] . Therefore, MDZ has been used as an ideal in vivo probe to determine CYP3A activity in the rat [25, 33] . The results suggested that the lower CL (greater AUC) of MDZ when the drugs were administered together could be attributable to the inhibition of hepatic metabolism of MDZ by baicalin inhibition of CYP3A1/2.
Lai et al. [16] found that the oral administration of baicalin significantly increased the absorption of cyclosporine in rats without altering the elimination rate. In our study, baicalin significantly decreased the CL of MDZ in rats when MDZ was administered intravenously immediately after the injection of baicalin. This may be due to the differences in the substrates used in the two studies-MDZ in the present study and cyclosporine in the previous report [16] . Although MDZ and cyclosporine are commonly used as CYP3A probes, Kenworthy et al. [34] indicated that MDZ shows different substrate behaviour compared with cyclosporine and testosterone.
DDIs are particularly important for patients who are dependent on long-term treatment. Baicalin is commonly used in long-term combined therapy to treat patients with hepatitis in China. To mimic the situation in clinical practice, rats were administered baicalin for seven consecutive days to evaluate the chronic effect of baicalin on the pharmacokinetics of MDZ. The results showed that multiple doses of baicalin significantly decreased the CL (43%) of MDZ with a concomitant increase in the max (27%) and AUC 0-∞ (87%). The reversible inhibition of baicalin has been demonstrated in vitro, our data also showed that the slower CL of MDZ could be at least partly supported by the significantly slower CL int of the appearance of 1 -hydroxymidazolam and 4-hydroxymidazolam ex vivo ( Table 3 ). The plasma concentrations of baicalin declined rapidly with a mean elimination 1/2 approximately 0.42 h (Table 1) , which is consistent with a recent study [35] , so it was clear that baicalin could not be detected in the plasma of rats sacrificed 24 h after the last dose of baicalin (Figure 2(b) ). We also demonstrated that baicalin could not be determined in the RLMs of the same rats. Thus, the lower CL int in the ex vivo study is attributed to changes in CYP3A activity induced by multiple doses of baicalin.
Although Li et al. [36] and Hou et al. [37] have reported that baicalin did not affect the expression of CYP3A4 in LS174T cells and CYP3A11 in mice, a previous study [17] showed that the expression level of CYP3A was reduced by baicalein in C57BL/6J mice, with decreases of nifedipine oxidation and erythromycin N-demethylation activities. Baicalin, not baicalein (a glycone of baicalin), has been detected even after oral administration of baicalin in rats [38] , so it is speculated that the lower hepatic MDZ hydroxylation activity in our study should be attributed to the lower expression of CYP3A in the rats receiving multiple doses of baicalin. The expression level of CYP3A2 protein was over 128 times higher than that of CYP3A1 in male SpragueDawley rats [24] , so CYP3A2 may play a decisive role in MDZ hydroxylation activity. Our findings demonstrated that CYP3A2 expression in baicalin-treated rat liver was only 42% of the control (Figure 6 ). The results indicated that multiple doses of baicalin could inhibit the expression of CYP3A2, and it may be one reason for pharmacokinetic changes in MDZ processing in rats. The results implied that the increase in the systemic exposure of MDZ may lead to an adverse drug reaction in patients receiving long-term treatment of baicalin.
In this study, pharmacokinetic changes were evaluated using an established self-control rat model. We observed that the increase in AUC 0-∞ of MDZ ranged from 0 to 173% after baicalin administration ( Figure 5 ). Large interindividual variations in response to CYP inhibition have also been observed in humans. For example, a 5-fold variation in the extent of increase in the oral AUCs of terfenadine was reported during ketoconazole administration [39] . Significant inter-individual variability was also observed for MDZ grapefruit juice interactions, and the increase in oral AUCs by grapefruit juice inhibition ranged from 26% to 100% for MDZ [40] . Many factors are responsible for the variability in enzyme inhibition, including variability in the inhibitor concentrations and values, susceptibility of drugs to CYP inhibition in vivo, genetic variations of the enzyme, and the basal level of enzyme [41, 42] . In future studies, the factors that play key roles in the individual variability of the extent of changes in AUC for MDZ caused by baicalin treatment should be investigated.
Conclusions
In conclusion, baicalin significantly enhanced systemic exposure to MDZ (AUC), which might be mainly due to the competitive inhibition of baicalin on CYP3A-mediated MDZ metabolism in the rat liver. Multiple doses of baicalin significantly decreased the activity and expression of CYP3A in the rat liver. The interaction, which was demonstrated in vivo and in vitro in rats, implies that significant clinical consequences might occur during the concomitant administration of baicalin and MDZ. Thus, patients receiving MDZ should be cautioned against the intake of baicalin/Radix scutellariae-derived products to prevent potential adverse drug interactions.
